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Abstract
Determining the Effects of Imidacloprid on Non-Target Soil Organisms in Hemlock Stands

Braley Burke
The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Hemiptera: Adelgidae), is
an invasive insect that is causing mortality of eastern hemlock trees, Tsuga canadensis, and
Carolina hemlock trees, Tsuga caroliniana, across the eastern United States. To protect these
ecologically important tree species, a neonicotinoid insecticide, imidacloprid, is commonly used.
Imidacloprid is an effective treatment and can remain effective against HWA for four to six
years but long-term (≥ one year after application) non-target effects of imidacloprid on forest
ecosystems are not well-studied. This study examined terrestrial non-target effects of
imidacloprid in hemlock stands with different treatment histories to help forest managers better
understand the costs and benefits of imidacloprid applications.
To determine the long-term effects of imidacloprid applications on soil collembolan
communities, collembolans were systematically sampled, extracted from soil using Berlese
funnels, and identified to family, morphospecies, and trophic levels. Overall richness,
abundance, and diversity, as well as trophic level (epedaphic, hemiedaphic, and euedaphic)
abundance and richness were used to investigate the effects of imidacloprid applications by
considering treatment history (control/treatment) and average diameter at breast height (DBH) of
treated trees within plots. The collembolan community was not strongly affected by treatment
history or DBH of treated trees alone, but epedaphic and hemiedaphic abundance was affected
by interactions between the treatment-related variables and soil pH. This study found evidence of
long-term effects of imidacloprid applications on the soil collembolan community in hemlock
stands when soil pH interactions were considered.
To determine the long-term effects of imidacloprid applications on soil bacteria and
fungi, soil samples were systematically taken to investigate the soil microbial community. The
community composition was determined through DNA extraction and classification, and the data
were analyzed to determine the effects of imidacloprid on the community. Soil pH had an impact
on bacterial and fungal species diversity and richness, and richness was positively associated
with imidacloprid treatments. Bacterial and fungal groups most correlated with treatment history
were identified using species scores from an RDA.
The results of this study suggest that imidacloprid applications applied at the
recommended field rate to control HWA have long term effects on the collembolan community
when interactions between treatment-related variables and soil pH are considered. Abundance

was greater in treated plots when pH was lower and greater in control plots when pH was higher
for epedaphic and hemiedaphic communities, and epedaphic abundance decreased as DBH of
treated trees increased and pH was lower. This study also showed that soil pH influenced the
response of soil microorganisms to imidacloprid. Further studies are needed to understand the
effects of other important organisms such as mites and nematodes, and we recommend that
before-after control-impact (BACI) designs be used to control for environmental variation
among sites that could influence responses.
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Chapter 1: Introduction
Thesis Organization
This thesis is divided into four chapters. Chapter one is an introduction to the topics
covered in the research chapters and is a literature review. Chapter two describes the study
determining the effects of imidacloprid on the abundance and diversity of soil collembolans in
hemlock stands. Chapter three describes the study determining the effects of imidacloprid on soil
bacteria and fungi in hemlock stands. Chapter four is a general conclusion of the research
chapters.
General Introduction
The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Hemiptera: Adelgidae), is
an invasive insect that feeds on the xylem of eastern hemlock trees (Tsuga canadensis) and
Carolina hemlock trees (Tsuga caroliniana) and depletes the trees of nutrients (McClure 1987).
This results in the infected trees being more susceptible to stressors and often leads to the tree’s
death (McClure et al. 2001, Young et al. 1995). The eastern hemlock is an important foundation
species which creates habitat space for a variety of wildlife (Ellison et al. 2005).
Throughout the eastern United States imidacloprid, a neonicotinoid insecticide, is used to
control and prevent the spread of HWA (Steward and Horner 1994, Silcox 2002) and preserve
eastern hemlock trees. Imidacloprid is an effective control method but it has a wide range of
target insects (Bayer 2020, Arborjet 2020) causing non-target effects on beneficial insects like
bees (Yang et al. 2008). It is also a persistent pesticide with a half-life of up to 1230 days
(Baskaran et al. 1999, Sarkar et al. 2001, Graebing and Chib 2004, Singh and Singh 2005) and it
can continue to prevent HWA for up to six years after treatment (Silcox et al. 2002, Benton et al.
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2016). After over a decade of use in forest settings, the non-target effects of imidacloprid
applications in hemlock stands are unclear.
Soil organisms, including soil arthropods and soil microorganisms, are important for
nutrient cycling, decomposition, and plant growth, as well as being important contributors to the
food web (Filser 2002, Scheu et al. 2005, Chamberlain et al. 2006). Collembolans are the second
most abundant arthropod in most soils, behind mites, and they are important for regulating
microbial communities in forest soils and assisting with decomposition (Hanlon and Anderson
1979, Lussenhop 1996). Soil fungi and bacteria are also important terrestrial organisms in forest
settings. They are drivers of nutrient cycles (Tiedje 1988, Kowalchuk and Stephen 2001) and
important for key ecosystem functioning (van der Heijen et al. 2008), and they have been used as
indicators of soil health in other studies (Thomson et al. 2015, Hermans et al. 2017, Sukdeo et al.
2018). The abundance and diversity of these ubiquitous and ecologically important organisms
may indicate if there are negative effects from imidacloprid applications caused by long-term
exposure. There have been no studies testing the long-term effects of imidacloprid applications
to soil collembolans or fungal and bacterial communities in a natural environment.
The study areas for this project in the New River Gorge National River (NERI),
Bluestone National Scenic River (BLUE), and Gauley River National Recreation Area (GARI)
have over 11,690 acres of hemlock stands (Vanderhorst et al. 2007, Vanderhorst et al. 2008,
Vanderhorst et al. 2010) and over 10,000 individual hemlock trees in the study area have been
treated with imidacloprid since 2006 (Strickler 2012). To better understand the long-term impact
of imidacloprid on non-target collembolans, bacteria, and fungi in a forest setting these soil
communities were compared based on treatment sites with a range of treatment histories.
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Objectives of Study
This study was conducted to determine the long-term non-target effects of imidacloprid
applications to hemlock tree stands on select soil organisms. There were two objectives.
Objective I- Determine if diversity, richness, and abundance of soil collembolans are
impacted by imidacloprid (Chapter 2).
Objective II- Determine if diversity and richness of soil bacteria and fungi are impacted
by imidacloprid (Chapter 3).
Literature Review
Adelges tsugae and Tsugae canadensis
HWA, originally from Japan, was introduced in Virginia in the early 1950s (Orwig et al.
2003, Havill et al. 2006). Since its introduction, HWA has spread throughout much of the eastern
hemlock’s range in 19 states and continues to spread (Ellison et al. 2018). HWA feeds on the
xylem of the hemlock tree by inserting their stylet, a part of their sucking mouthpart, at the base
of the needles. The feeding leads to reduction in carbohydrate storage, photosynthetic capacity,
growth, and a decrease in metabolic activity (Young et al 1995, Gonda-King et al. 2012, Nelson
et al. 2014). An infested eastern hemlock tree can die in as few as four years (Young et al. 1995).
The hemlock tree decline is altering the composition of eastern United States forests because
hemlock trees are being replaced with deciduous trees with thinner canopies. This results in more
sunlight reaching the forest floor, warmer water in streams that used to be shaded by hemlocks,
more soil moisture, and changes in the flora and fauna that grow in those areas (Spaulding et al.
2010).
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Eastern hemlock is an important tree species that creates a unique niche for many
animals. Eastern hemlock supports many birds and mammals, some of these being strongly
associated with the hemlock niche as opposed to hardwood niches (Yamasaki et al. 2000,
Tingley et al. 2002). When compared with stream communities draining from mixed hardwood
forests that likely replace hemlock stands, hemlock forests had significantly different
communities (Snyder et al. 2002). The loss of eastern hemlock trees would alter the landscape
and remove unique habitats throughout the eastern United States.
Imidacloprid
Imidacloprid is a very effective pesticide against HWA (Steward and Horner 1994,
Cowles et al. 2006). It is a neonicotinoid insecticide that targets the nervous system of insects by
binding to the nicotinic receptors of the insect’s nervous system which eventually leads to the
insect’s death (Liu and Casida 1993). This insecticide is applied as a soil drench, soil injection,
or trunk injection. The soil applications are more effective against HWA, but trunk injections
minimize off-target contamination (Cowles et al. 2006). Imidacloprid is systemic, so it is
translocated throughout the tree via the xylem where it can be taken up by insects feeding on it
(Elbert et al. 1991). Imidacloprid is also used to control many pests in agriculture and turfgrass
include hemipterans (true bugs), thysanopterans (thrips), lepidopterans (butterflies and moths),
coleopterans (beetles), hymenopterans (sawflies, bees, and wasps) and dipterans (flies) according
to the CoreTect (Bayer 2020) pesticide label and Ima-jet (Arborjet) pesticide label, two of the
pesticides used on trees at the treated sites of this study.
In the environment imidacloprid can degrade slowly. Depending on environmental
conditions and soil properties, the half-life of imidacloprid in soil can range from 19 days to
1,230 days (Baskaran et al. 1999, Sarkar et al. 2001, Graebing and Chib 2004, Singh and Singh
4

2005). Imidacloprid persistence in soil increases with higher soil pH (Sarkar et al. 1999, Sarkar
et al. 2001), lower organic matter content (Broznić and Milin 2013), and higher organic matter
increases sorption of imidacloprid (Liu et al. 2006). Soil organic matter (SOM) can also
influence where the imidacloprid is concentrated. Soil with a low SOM content stores the
imidacloprid at the upper 5 cm of the soil while soils with high SOM is stored deeper in the soil
(~20 cm) (Aseperi et al. 2020). It can remain effective against HWA for four to six years (Silcox
et al. 2002, Benton et al. 2016) and can remain in hemlock tissue for up to seven years (Benton et
al. 2015).
Using adjacent aquatic study sites to this terrestrial study, Crayton et al. (2020) found
imidacloprid in the tissue of aquatic salamanders and benthic macroinvertebrates. They also
reported that imidacloprid applications negatively affected salamander body condition and
increased their corticosterone levels. The presence of this effective, non-selective, and persistent
insecticide in non-target organisms is alarming and requires more investigation on the possible
unforeseen consequences of using imidacloprid in natural settings.
Collembolans and Imidacloprid
Soil arthropods include mites, collembolans, and other taxa such as proturans,
pseudoscorpions, and myriapods. The impact of imidacloprid on the soil macro- (measuring 2
mm to 20 mm) and meso-communities (measuring 100 μm to 2 mm) are important because soildwelling organisms are contributors to forest floor decomposition, as well as the distribution and
diversity of the microbial community (Seastedt 1984).
Collembolans, considered members of the meso-community, are known to spread fungal
spores through the soil by transporting them on their cuticle or passing them with their feces
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(Williams et al. 1998) and grazing on fungal communities selectively, therefore inhibiting the
more preferred fungal species (Klironomos et al. 1992). In this way collembolans can both help
and hinder different fungal groups and shape the soil microbial community (Bengtsson et al.
1983, Takeda 1995). In addition to being influencers of the microbial community, collembolans
are important contributors in the environment for their roles in translocating carbon from the leaf
litter and incorporating it into the soil (Chamberlain et al. 2006) and suppressing fungal plant
diseases (Lartey et al. 1994, Sabatini et al. 2001). Collembolans and other soil arthropods are
food for many other organisms including reptiles, amphibians, birds, and other arthropods
(Hopkin 1997, Walter et al. 1999, Lawrence and Wise. 2000). Collembolans accounted for 24%
of the weight of the consumed prey in salamander stomachs according to Bondi et al. (2019).
These ecologically significant arthropods are not only important, but they are also abundant and
ubiquitous in soil (Hopkin 1997).
Collembola is a class under the phylum Arthropoda. This class includes three orders:
Entomobryomorpha, Poduromorpha, and Symphypleona. They are not insects, but are
considered their own class, as their mouthparts are mostly internal, and they have structures that
insects do not have, including a collophore (a ventral tube used for osmoregulation), a furcula
(the springing organ some collembolans use to propel themselves into the air), and a tenaculum
(the small ventral structure that holds the furcula against the collembolan’s body when not in
use) (Figure 1). They can be classified into atmobiotic, epedaphic, hemiedaphic, and euedaphic
based on morphological features, what part of the leaf litter and soil layer they live in, and what
they feed on (Faber 1991, Potapov et al. 2016). These functional categories can be useful for
assessing if there are more vulnerable groups of collembolans based on where they live and what
they feed on.
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Atmobiotic collembolans are found living on plants and the surface of litter. They are
large (8-10 mm in length) and often very pigmented. This would include some collembolans in
the order Symphypleona, as well as the families Tomoceridae and Entomobryidae.
Epedaphic collembolans are on the surface of the soil, in the leaf litter, or on the surface
of logs. These collembolans usually have a pronounced furcula, well developed eyes, and
pigmentation. They are the collembolans that feed on the leaf litter and the fungi growing on the
forest floor. Major families generally found in this group includes Tomoceridae, Entomobryidae,
and Isotomidae, as well as some collembolans from the order Symphypleona.
Hemiedaphic collembolans live in the leaf litter and in the soil. These collembolans often
have reduced or absent furcula and fewer ommatidia. They are more likely to crawl through soil,
making a furcula less practical. They affect nutrient mobilization by moving organic material
from the top layer and incorporating it into the soil (Chamberlain et al. 2006). Major families that
are in this category include Neanuridae, Odontellidae, and Hypogastruridae.
Euedaphic collembolans live deep within the soil and often lack eyes, pigmentation and a
furcula as they spend their lives in the soil. They feed on plant roots and fungi associated with
plant roots. Major families in this group include Onychiuridae, and Tullbergiidae (Faber 1991,
Hopkin 1997, Potapov et al. 2016).
Effects of Imidacloprid on Collembolans
Collembolans are often used in ecotoxicology tests. The Organisation for Economic
Cooperation and Development (OECD) has guidelines to standardize the use of two species of
collembolans for toxicity tests (OECD 2009). Folsomia candida (Entomobyomorpha:
Isotomidae), the standard collembolan used for testing toxicity, was found to be one of the most
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sensitive species to a variety of pesticides when compared with earthworms and other standard
test soil fauna like Enchytraeids and mites (Frampton et al. 2006). Four laboratory studies that
tested the toxicity of imidacloprid on F. candida (van Gestel et al. 2017, Mabubu et al. 2017, de
Lima e Silva et al. 2017, Ogungbemi et al. 2018) reported that F. candida had an LC50 between
0.29 and 1.63 mg/kg dry soil. The varied results may have been caused by different soils being
used in each study. In one of the studies by van Gestel et al. (2017), three generations of F.
candida had consistently lower abundance from generation to generation when exposed to
imidacloprid, though three generations may not have been enough to see a recovery from the F.
candida abundance. Imidacloprid’s effects on multiple soil organisms (de Lima e Silva et al.
2017 were measured for earthworms, enchytraeids, oribatid mites, isopods, and collembolans
and found that the collembolan, F. candida, was the most sensitive to imidacloprid (LC50 of 0.20
to 0.62 mg/kg dry soil) along with the earthworm, Eisenia andrei (0.77 mg/kg dry soil).
Field studies that determined the effects of imidacloprid on forest arthropods are limited.
In a study by Knoepp et al. (2012) soil microarthropods were weakly negatively impacted by
imidacloprid concentrations, especially in areas with low soil organic matter. A study by
Turcotte (2016) measured the difference in the arthropod community in the lower crown of
hemlock trees when treating trees with a soil treatment or trunk injection treatment. There was
not a significant difference between the arthropod communities in the treated and untreated trees.
Another study by Dilling et al. (2009) compared the effects of imidacloprid applications on the
hemlock crown arthropod community between soil drench, soil injection, and trunk injection
methods. They found that lepidopteran species impacted by the imidacloprid treatments were
known to pupate in the soil at the base of trees, which might have reduced their population.
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The effects of imidacloprid on the soil arthropod community were assessed in turfgrass
by Peck (2009) which determined that hemipterans, coleopterans (Carabidae and Staphylinidae),
thysanopterans, and collembolans (Entomobryomorpha) were significantly impacted by
imidacloprid applications. El-Naggar and Zidan (2013) studied the effects of imidacloprid as a
seed treatment for cotton on soil arthropods and concluded that mites were negatively impacted
while collembolan populations increased. It was speculated that this was caused by a decrease in
predatory mites resulting in less predation of collembolans. A field study by Bitzer et al. (2005)
tested the effects of seed treatments with imidacloprid in corn fields on the abundance and
diversity of collembolans. Compared to the control plots, fields that had treated seeds had a
higher abundance of collembolans, but some plots had a lower diversity. Bitzer et al. (2005)
concluded that the increased collembolan population was probably caused by a decrease in
collembolan predators, as El-Naggar and Zidan (2013) also concluded.
Studies examining the effects of imidacloprid on soil collembolans have not yet
considered the long-term effects of collembolans in a forest setting. Many only consider F.
candida, which is one species out of the entire class. The studies that do consider the entire
collembolan community are either agriculturally or turfgrass management oriented, identify
collembolans of the phyllosphere, or do not go past collembolan orders in identification.
Soil Bacteria and Fungi, and Imidacloprid
Soil microorganisms, including soil fungi and bacteria, drive ecosystem functions (van
der Heijden 2008) such as nutrient cycling (Tiedje 1988, Paul and Clark 1996) and acquisition
(Smith and Read 1997, Richardson et al. 2011), and soil formation (Hobara 2013, Rillig and
Mummey 2006). They are also responsible for most organic matter decomposition, which is
important for reusing nutrients and maintaining productivity in an ecosystem (Swift 1979).
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Microbial biodiversity has a positive effect on soil productivity, nutrient cycling, regulation of
soil biodiversity, and other ecosystem functions according to Balvanera et al. (2006) who
analyzed 103 publications measuring biodiversity effects.
Soil microorganisms can be functionally redundant which allows the ecosystem
functions to maintain efficiency despite a disturbance that may have destroyed or weakened
some microbial species, like an ecological insurance (Yachi and Loreau 1999, Schindler et al.
2015). This is due to the diversity of the environment and allows the ecosystem to function under
varying stressors. Because of the functional redundancy of the microbial community, there are
questions about the relevance of microbial diversity to gauging an ecosystem’s health. Aside
from providing the ecosystem with a safety net, microbial diversity is also important because
having a high diversity allows microbes to have complementary relationships where they utilize
their own niches within a community. They may also have synergistic relationships with one
another where multiple species help each other perform well (Saleem et al. 2019). There are
positive correlations between soil diversity and increased resistance to environmental stress, as
well as ecosystem multifunctionality (Tardy et al. 2013, Wagg et al. 2014) despite functional
redundancy. However, decreased microbial diversity can also decrease carbon cycle productivity
(Maron et al. 2018). Even though functional redundancy allows the microbial community to have
a safeguard against environmental stressors, microbial diversity is still a relevant indicator for
ecosystem health and has been used to indicate soil health in multiple studies (Thomson et al.
2015, Hermans et al. 2017, Sukdeo et al. 2018).
When pesticides are applied to an environment, the microbial community can increase,
decrease, or stay the same based on how that chemical interacts with the soil microorganisms and
their metabolic activity (Singh and Walker 2006, Lo 2010). In addition to affecting abundance,
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the microbial diversity of a treated environment can be affected depending on how the microbes
and pesticides interact (Bragança et al. 2019).
Effects of Imidacloprid on Microorganisms
Multiple studies tested the effects of neonicotinoids, and more specifically, imidacloprid
on soil microbial communities. Cycoń et al. (2013) tested the impact of imidacloprid on soil
microbes over 56 days using phospholipid fatty analysis (PFLA), a PCR denaturing gradient gel
electrophoresis (PCR-DGGE), and analysis of the community level physiological profile
(CLPP). They found that imidacloprid applied at the recommended field rate (1 mg/kg soil) did
not significantly affect the diversity and community structure of the microbial community, while
the dose that was ten times more than that of the field rate (10 mg/kg soil) significantly altered
the microbial community and their metabolic activity.
Cycoń and Piotrowska-Seget (2015a) built upon the previous study. The biochemical and
microbial effects of imidacloprid were examined more closely with the same concentrations and
same time frame by measured soil respiration, enzyme activity, ammonification and nitrification
rates, and culturable bacteria. They found that imidacloprid has a negative impact on soil
respiration, some enzyme activities, nitrogen transformation, and number of culturable bacteria.
Cycoń and Piotrowska-Seget (2015b) also tested the effects of imidacloprid at the same rate and
in the same time frame on ammonia-oxidizing bacteria and archaea and found that there were
only transient effects at the field rate, but at 10 g/kg of soil, there was a negative effect on
ammonia-oxidizing bacteria and a positive effect on ammonia-oxidizing archaea.
Mahapatra et al. (2017) investigated the effects of imidacloprid on the microbial
community in rice fields. They used selected media to compare populations of culturable bacteria
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and fungi, compared microbial biomasses, and measured enzyme activity between treatments.
They determined that imidacloprid applied at the recommended rate (25 g active ingredient/ha)
had an impact on the community, especially the bacterial community, but only for a short period
before it recovered. The higher doses (50-250 g [a.i.]/ha) result in persistent microbial
community changes over the 30-day experiment.
Li et al. (2018) tested the effects of wheat seeds coated with imidacloprid and
clothianidin, another neonicotinoid insecticide, treatments on bacterial and fungal communities
over a growing season using bioinformatics. They found that the soil bacteria and fungi were
negatively affected at the beginning of the growing season but recovered and had no lasting
effects.
A 112-day study by Yu et al. (2020) investigated the effects of thiamethoxam and
dinotefuran (neonicotinoids) on the soil microbial community. They spiked soil with 0.02 mg/kg
of soil, 0.2 mg/kg of soil, and 2 mg/kg of soil for each insecticide and measured the soil
microbial community and the carbon source utilization periodically. The study concluded that
low doses of imidacloprid increased the community diversity while middle and high doses
decreased the diversity.
All published studies analyzed the effects of imidacloprid on the soil microbial
community in agricultural imidacloprid applications and none of them address the long-term
effects of imidacloprid on a natural environment. Imidacloprid applications in hemlock stands
involves injecting the soil or tree trunk with high concentrations while agriculture applies
imidacloprid with seed coatings or broadcast sprays. This difference most likely results in
different effects on soil bacteria and fungi that have yet to be examined.
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Figures

Figure 1: The anatomy of a collembolan includes a furcula, the springing organ, the tenaculum
which holds the furcula in place when it is not being used, and the collophore which is a tube
used for osmoregulation.
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Chapter 2: The long-term effects of imidacloprid on collembolan
diversity and abundance in hemlock stands
Abstract
Imidacloprid is the most effective way to treat the invasive insect, hemlock
woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), but long-term non-target effects
are not well known. This study explored the possible long-term impacts of imidacloprid
applications on soil collembolans in the New River Gorge National River (NERI) and Gauley
River National Recreation Area (GARI). Samples were collected from 18 paired sites, each with
a control and treated plot, with sites sampled twice between spring 2017 and spring 2019. The
treated plots had different treatment backgrounds over the past decade. Collembolans were
collected at the plots systematically by taking 4 soil samples from each plot, which were
combined and extracted using a Berlese funnel. Collembolans were classified into
morphospecies, then into trophic functionality groups based on physiological characteristics
which relate to their ecological niches. Data were analyzed using generalized linear mixed
models (GLMM) and redundancy analysis (RDA). A total of 8,548 collembolans collected were
sorted into 10 families (and the order Symphypleona) and 106 morphospecies. Imidacloprid was
detected in 11 of the 18 treated plots and ranged from 0.53 ng/g to 216.53 ng/g. The full
collembolan community was not affected by treatment history or diameter at breast height
(DBH) of treated trees, but interactions between treatment-related variables and pH negatively
affected epedaphic and hemiedaphic collembolan communities. Abundance was greater in
treated plots when pH was lower and greater in control plots when pH was higher for epedaphic
and hemiedaphic communities, and epedaphic abundance decreased as DBH of treated trees
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increased and pH was lower.. This study found evidence of long-term effects of imidacloprid
applications on soil collembolan community in hemlock stands when soil pH interactions are
considered.

Keywords: collembolans, forest, imidacloprid

Introduction
Since its introduction in 1951, hemlock woolly adelgid (Adelges tsugae Annand, HWA)
has spread throughout the eastern United States and is causing the decline of eastern hemlock
(Tsuga canadensis) trees. Currently the most effective method for controlling this invasive insect
is the neonicotinoid insecticide, imidacloprid (Steward and Horner 1994, Cowles et al. 2006).
After more than a decade of HWA control using imidacloprid, there are concerns about the longterm non-target effects of this persistent (Silcox et al. 2002, Benton et al. 2016) and non-selective
(Bayer 2020, Arborjet 2020) insecticide to the forest system to which it is applied.
Collembolans are a class of soil arthropods that are important regulators of fungal and
bacterial communities through selective feeding and spore dispersal (Bengtsson et al. 1983,
Takeda 1995). Their influence on soil microbial communities makes them important for nutrient
cycling and increasing nutrient availability to plants (Filser 2002). They also contribute to
decomposition and translocation of carbon by incorporating leaf litter into the soil (Chamberlain
et al. 2006), depending on their ecological niche. Collembolans have specialized niches that can
be classified into four categories based on their feeding preferences, the depth of the soil they
live in, and their physiological characteristics (Faber 1991, Potapov et al. 2016). Because of this,
their ecological significance can be determined based on their morphological characteristics,
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allowing for a closer examination of the ecological effects of imidacloprid. The four categories
are atmobiotic (live on plants and the litter surface), edaphic (live in the upper litter),
hemiedaphic (live in a deeper decomposing litter), and euedaphic (live in the upper mineral layer
of soil).
Imidacloprid has a half-life of up to 1,230 days in the soil, depending on soil
characteristics (Baskaran et al. 1999, Sarkar et al. 2001, Graebing and Chib 2004, Singh and
Singh 2005), and can be detected in hemlock tree tissue for up to seven years (Benton et al.
2016). Because of its persistence in the environment, soil collembolans are likely to be exposed
to imidacloprid for long periods, but its long-term effects are unknown. The soils in this study
have high organic matter content which may cause the imidacloprid to contaminate the lower soil
layers more so than the upper layers (Aseperi et al. 2020), which may lead to euedaphic
collembolans being the most affected collembolan group.
Studies have investigated the effects of imidacloprid on collembolans, but many have
only used Folsomia candida (Family: Isotomidae), a standard collembolan for toxicity tests (van
Gestel et al. 2017, Mabubu et al. 2017, de Lima e Silva et al. 2017, Ogungbemi et al. 2018).
These studies determined the lethal concentrations that kill 50% of the collembolan populations
(LC50) but did not examine the effects that are also relevant to real-world scenarios such as the
community level effects and effects of field-level application of imidacloprid. Field studies that
test the effects of imidacloprid on collembolan soil communities are limited. Peck (2009) studied
the arthropod community response to continual imidacloprid applications to turfgrass over a sixyear period and found that collembolans in the order of Entomobryomorpha were suppressed by
imidacloprid applications. A study by El-Naggar and Zidan (2013) found that mites were
negatively affected while collembolan abundance increased in a study on the effects of
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imidacloprid treated cotton seeds and foliar sprays in cotton fields. The studies concluded that
the increase in collembolan abundance was likely due to a decline in predatory mite abundance.
Turcotte et al. (2016) identified and compared arthropods within the lower crown of imidacloprid
treated and control eastern hemlocks and found no significant differences, including among
arboreal collembolans. The only study examining the effects of imidacloprid on soil collembolan
communities in a forest system was Knoepp et al. (2012). They concluded that collembolan
abundance had a negative correlation with imidacloprid concentrations at the 20–50 cm soil
depth at high and low elevations, but not within the upper soil concentrations.
This study aimed to determine the long-term (≥ 1-year post imidacloprid application)
effects of imidacloprid on soil collembolan communities in forest systems. A recent study by
Crayton et al. (2020) used the same study area to determine the long-term effects of imidacloprid
on benthic macroinvertebrates and aquatic salamanders. Presence of imidacloprid was found in
the benthic macroinvertebrates and salamander tissue, and exposed salamanders had higher
corticosterone levels and a lower body condition. Thus, it appears imidacloprid applications in
this system are impacting aquatic organisms, but it is unclear what its terrestrial effects are on
organisms like collembolans. Using morphospecies and classification of collembolans into
functional categories, the long-term effects of imidacloprid on collembolan communities were
investigated. The objectives of this study were to determine the effects of imidacloprid
applications on collembolan abundance and diversity, and to determine which collembolan
morphospecies were most correlated with treatments. Understanding the non-target effects of
imidacloprid applications can help forest managers make more informed decisions about using
imidacloprid to control HWA.
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Materials and Methods
Study Sites and Sampling
The study sites were located on National Park Service land within the New River Gorge
National River (NERI), and Gauley River National Recreation Area (GARI) and surrounding
land in southern West Virginia (Figure 1). There were 18 sites and 36 plots total, which were
sampled twice, once per season. Sites were sampled in the spring and summer of 2017 (first set
of 9 paired sites) and in summer of 2018 and spring of 2019 (second 9 paired sites; Fig. 1). Each
plot was 20 m × 20 m to accommodate an adjacent study on the effects of imidacloprid
applications on terrestrial salamanders, and the plots were divided into quadrants. Each site was
within a hemlock stand and had one treated plot paired with one untreated control plot based on
National Park Service records. The treated plots had been treated at different times since the
beginning of imidacloprid applications in 2006 (Table 1). National Park Service records were
also used to determine the average diameter at breast height (DBH in cm) of trees that were
treated with imidacloprid because the amount of imidacloprid used to treat trees depends on
DBH.
Sampling, Extraction, and Identification of Collembolans
Samples were systematically collected with a 57-mm diameter bulb planter (Van
Zyverden, Meridian, Mississippi) to a depth of 10 cm, which is a conservative depth to collect
the collembolan community based on other studies (Ponge 2000, Potpov et al. 2016). One
sample was taken from the same location (approximately 7 m from the center of the plot) within
each quadrant and the four samples were combined (Figure 2). The samples were placed in
plastic bags and stored in a cooler. The same day the soil samples were taken, they were put in
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Berlese funnels to extract the soil collembolans. Samples were left in the Berlese funnels until
there were no newly extracted collembolans after nine days. Samples were stored in 95%
ethanol. Once the collembolans were extracted from the Berlese funnels, they were separated
from other soil organisms that were also extracted. After that, the collembolans were sorted into
families (only order for Symphypleona) and morphospecies, then the morphospecies were
categorized into trophic functionality groups (epedaphic, hemiedaphic, and euedaphic) (Faber
1991, Potapov et al. 2016) (Figures 3 and 4). Identification was conducted using a dissecting
microscope based on taxonomic keys (Deharveng 2004, Christiansen and Nascimbene 2006).
The most common morphospecies were identified to species, or the lowest taxonomic group
possible.
Soil pH and Moisture Measurements, and Imidacloprid Extraction
Mineral soil pH was measured at the center of each plot’s quadrant using an EcoSense
pH100A meter (YSI, Yellow Springs, Ohio). Soil pH was measured in spring and summer of
2018 on all 36 plots and the average of the quadrants was used as a representation of the
respective plot for all samples. Soil texture (loam, sandy loam, gravelly loam, and silt loam) was
determined for each plot using Web Soil Survey (USDA 2020).
To measure the concentration of imidacloprid in the soil, soil samples were
systematically taken from each plot with a 1.9-cm-diameter soil probe to a depth of 25 cm. The
site quadrants were broken into four sub-quadrants and a sample was taken from the center of
each, for a total of 16 samples per plot which were mixed and combined into one sample. Soil
samples were freeze-dried, homogenized, and ~5 g dry weight of soil per sample was extracted
and combined with 500 mg of carbon and 900 mg of magnesium sulfate. Samples were spiked
with the surrogate compound d4-imidacloprid (Cambridge Isotope, Andover, MA) and then
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extracted using acetonitrile solvent at 100 °C. The acetonitrile extracts were reduced under
nitrogen gas and centrifuged to removed particulates. The final extract was 0.2 mL in 50:50
acetonitrile:water which was spiked with an internal standard (d3-clothianidin; Cambridge
Isotope).
Samples were analyzed using liquid chromatography tandem mass spectrometry (LCMS/MS). Flow rate was 0.6 ml min-1 and the mobile phase solvents were 0.1% formic acid in
water (A) and acetonitrile (B). The column gradient was 2:98 (A:B) from 0–2 min; 2–4 min
increase to 50:50 (A:B), hold for 3 min; 7–7.5 min decrease to 2:98 (A:B), hold for 4.5 min.
MS/MS conditions were electrospray (ESI) ionization, positive mode, drying gas temperature at
350°C, drying gas flow at 10 L/min, capillary voltage at 4,000 V, and nebulizer at 40 psi. Data
were collected in the multiple-reaction-monitoring (MRM) mode. The method detection level
was 0.2 ng/g for all compounds. Further details of the LC-MS/MS analytical method can be
found elsewhere (Hladik and Calhoun, 2012). Recovery of the surrogate (d4-imidacloprid) was
lower (30–70%) than other soil studies (>70%), likely due to the organic content of the samples;
data were surrogate recovery corrected.
Data Analysis
The R Statistical program 3.6.3 (R Development Core Team, 2020) was used to conduct
statistical analyses. Treatment-related explanatory variables included treatment history (treated
with imidacloprid or control plots), and mean DBH of treated trees within plots (Table 1).
Concentration of imidacloprid detected in the soil was not used as a predictor candidate due to
low recovery rates and presence of high leverage observations. Soil texture and pH (converted to
H+ concentration for analyses) were environmental explanatory variables which were not the
focus of the study but used to better understand the complex relationship of the imidacloprid
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treatments and the environment, and how that affected collembolans. Interactions between
treatment-related variables and pH were considered because of the possible influence pH could
have on imidacloprid persistence (Sarkar et al. 1999). The collembolan community was
measured using total abundance of individuals, Shannon’s Diversity Index for morphospecies,
which was calculated in R using the diversity function in vegan package (Oksanen et al. 2019),
and richness (i.e., number of different morphospecies) per plot per sampling.
To determine the effects of imidacloprid on the collembolan community and the trophic
functionality groups, generalized linear mixed models (GLMMs) using a negative binomial
distribution (Venables and Ripley 2002) were used. These models were created using package
lme4 (Bates et al. 2015) with function glmer.nb. Model selection based on Akaike’s information
criterion corrected for small sample size (AICc) was used to select the most supported models.
AICc was calculated using AICcmodavg (Mazerolle 2019). Continuous explanatory variables
were standardized prior to analysis (mean = 0, SD = 1). This was performed using the decostand
function in the vegan package in R (Oksanen et al. 2019). Candidate models were created with
the explanatory variables as fixed effects and site as a random effect. Season was not included in
the analysis because it did not influence results based on preliminary analysis. The response
variables that were tested included the overall collembolan abundance, richness, and diversity, as
well as the richness of morphospecies and overall abundance for each trophic functional group
(i.e. epedaphic, hemiedaphic, and euedaphic) (Table 2). For models with more support than the
null model, an 85% confidence interval (CI) was used to determine the strength of individual
predictors (Arnold 2010), which were considered strong if the CI did not overlap zero. Pseudo R2
for GLMMs (Nakagawa and Schielzeth 2013, Johnson 2014, Nakagawa et al. 2017) estimated
the influence of the fixed variables on the response variables. These were calculated using the
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function r.squaredGLMM from package MuMln and the marginal delta value was reported. The
β coefficient estimates were used to determine the relationship between the explanatory and
response variables (Table 3).
A redundancy analysis (RDA) was used to determine which morphospecies were most
correlated with treatment-related variables using the vegan package in R. Before the analysis the
morphospecies data was Hellinger transformed to put less weight on rare morphospecies, and
response variables occurring in less than 10% of sites (< 3 sites) were removed (McCune and
Grace 2002). The RDA was performed using a covariance matrix. The response variables for the
RDA were the collembolan morphospecies. The explanatory variable was treatment history
presence/absence (treatment).To determine the support of the RDA, a global permutation test
was performed, and the adjusted R2 value was retrieved from the ordination. The species scores
were extracted from the RDA and used to determine groups most influenced by the treatmentrelated explanatory variable, treatment. Morphospecies with a species score of ≥ 0.07 or ≤ -0.07
were identified as being correlated with treatment history (Table 4). This species score cutoff
was created based on the species score range.

Results

Community Composition
There was a total of 8,548 collembolans in the samples with 4,457 collected from control
plots (123.8 ± 33.4 SD) and 4,091 collected from plots with previous imidacloprid applications
to trees in or directly adjacent to the plots (113.6 ± 37.6 SD). The collembolans were classified
into 10 families, as well as the order Symphypleona, and were categorized into 106
36

morphospecies. Most collembolans were euedaphic (n = 5,095, 63.9% of collembolans
collected), followed by hemiedaphic (n = 2,127, 26.7% of collembolans collected), and
epedaphic (n = 747, 9.4% of collembolans collected). No atmobiotic collembolans were
collected. The most common family was Isotomidae (n = 4,694, 58.9% of collembolans
collected) followed by Onychiuridae (n = 807, 10.1% of collembolans collected) (Table 5). The
most common morphospecies was actually multiple species of small, white isotomids:
Isotomiella minor, and Folsomia stella (n=1,400, 17.6% of collembolans collected) and the
second most numerous morphospecies was identified as an undescribed Micrisotoma spp. (n =
1,049, 13.2% of collembolans collected).
Imidacloprid concentrations and soil variables
Overall, 11 of 18 treated plots had detectable imidacloprid concentrations at the time of
sampling. The concentrations ranged from 0.53 to 216.53 ng/g dry soil (mean = 17.33 ng/g dry
soil). The different backgrounds of the treated sites, including years since last treatment,
concentration, and DBH of treated trees are provided in Table 1. Soil pH ranged from 3.58 –
5.31 (4.23 ± 0.07 SD) for control plots and 3.75 to 5.00 (4.19 ± 0.06 SD) for treated plots.
Among the 36 plots, 61% had gravelly loam for soil texture, 22% had sandy loam, 8% had silt
loam, and 8% had loam.
Collembolan Community Response
For the full collembolan community, the null, soil texture, and pH models were the most
supported models for diversity, abundance, and richness, respectively (Table 2). None of the
treatment models were more supported than the null model. When the data were analyzed by
trophic group, several treatment models were more supported than the null model (Table 2, Table
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3). For epedaphic abundance, treatment x pH was the most supported model, with DBH x pH
also receiving more support than the null model. The interaction effect CI did not overlap 0 for
either model. For the treatment x pH model, abundance was greater in treated plots when pH was
low, and greater in control plots when pH was high (Figure 5). For the DBH x pH model,
abundance decreased as treated tree DBH increased (Figure 5). For hemiedaphic abundance, four
models received more support than the null model, with treatment x pH being the most supported
treatment model. The interaction effect CI did not overlap 0 for this model. Similar to the
epedaphic trophic group, abundance was greater in treated plots when pH was low, and greater in
control plots when pH was high (Figure 6). For euedaphic abundance, only soil texture received
more support than the null model. For epedaphic richness, the null model received the highest
support. For hemiedaphic richness, the DBH model was more supported than the null model. The
CI for this model did not overlap 0, and it estimated a positive relationship between hemiedaphic
richness and treated tree DBH (Table 3). For euedaphic richness, the DBH and treatment models
were more supported than the null model. The coefficient CI did not overlap 0 for either model,
and both models estimated a positive relationship between euedaphic richness and the treatment
variables. Pseudo R2 values for supported treatment models ranged from 0.028 – 0.119 (Table 3).
One RDA was created for morphospecies analysis. Treatment history was the explanatory
variable and was not globally significant (p = 0.560, adj. R2 = -0.002). The species scores from
the RDA were extracted to examine which morphospecies were most correlated with the
treatment history. There were two morphospecies in the family Hypogastruridae that were
positively correlated with treatment history and three morphospecies in the order Symphypleona
that were negatively correlated with treatment history (Table 4). Counts for each family in
treated and control plots are shown in Table 5.
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Discussion
The most common collembolan family was Isotomidae which made up more than half of
all collembolans collected (n = 4,694, 58.9% of collembolans collected), followed by
Onychiuridae (n = 807, 10.1% of collembolans collected). Onychiuridae and Isotomidae were
also the most abundant families in a study located in an oak-hickory forest along the Ohio River
valley (34% and 31%, respectively) (Kuperman et al. 2002). Members of Onychiuridae are
generally euedaphic, while members of Isotomidae are variable and can be epedaphic,
hemiedaphic, or euedaphic occasionally. A study done in the Pennsylvania Laurel Highlands
mainly collected collembolans from families Hypogastruridae (36.6%), Tomoceridae (32.3%)
and Isotomidae (21.0%) by using pitfall traps (Perry et al. 2018). All of these families tend to be
epedaphic or hemiedaphic most likely because pitfall traps were used for sampling. Isotomidae is
a widespread family of collembolans in the order Entomobryomorpha which can be found
throughout the world. They are identified by their evenly proportioned body segments (Hopkin
1997). Onychiuridae is a family in the order Poduromorpha that generally lacks eyes,
pigmentation, or furcula. They are known for having “pseudocelli” or pores which excrete
defensive fluids for protection (Hopkin 1997).
Most collembolans were euedaphic (n = 5,095, 63.9% of collembolans collected) which
live in the upper mineral layers in the soil. It was hypothesized that this group would be most
affected by treatments because of the high soil organic matter (SOM) at the sites. The high SOM
would lead to imidacloprid leaching into lower soil layers instead of staying near the surface
(Aseperi et al. 2020). The euedaphic collembolan richness had a positive correlation with
whether the plots had been treated in the past and the mean DBH of treated trees within the plots,
though the explanatory power of the treatment variable was low in both cases (GLMM R2 =
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0.039 and 0.047, respectively). Based on the results, euedaphic and hemiedaphic collembolans
had long-term effects in abundance when considering interactions between treatment-related
variables and pH. This indicates that treatments could decrease or increase community
abundance depending on the soil pH, with lower soil pH resulting in less abundance in treated
plots.
All collembolans that were negatively correlated with treatment history were in the order
Symphypleona and were epedaphic, but the epedaphic collembolans were not collectively
affected by treatments. No atmobiotic collembolans were collected from the samples, as they
generally do not reside within the soil and are found on top of leaf litter or on plants (Potapov et
al. 2016). Turcotte (2016) examined the aboveground effects of imidacloprid applications in
hemlock stands and did not find differences in the arthropod communities between treated and
untreated trees. When considered alongside the Crayton et al. study (2020), which sampled the
same study area as this study, imidacloprid cannot be considered harmless for non-target
organisms. Their study found that aquatic salamanders and benthic macroinvertebrates had
bioaccumulation of imidacloprid in their tissue, and salamanders exposed to imidacloprid had
significantly higher corticosterone levels and lower body condition than those that were not.
This study evaluated the effects of imidacloprid using morphospecies to determine
diversity. Future studies could evaluate the effects of imidacloprid on soil collembolans by
studying sites over time. This study found evidence of long-term effects of imidacloprid
applications on soil collembolan community in hemlock stands when soil pH interactions are
considered.
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Figures and Tables

Figure 1: A total of 18 study sites, consisting of paired treated and control plots (36 plots total),
were located in the Gauley River National Recreation Area (GARI) and New River Gorge
National River (NERI), and surrounding land in southern West Virginia. To the right are the first
group of sites sampled spring 2017 and summer 2017. To the left are the second group of sites
sampled summer 2018 and spring 2019. Soil arthropod samples were collected to determine the
effects of imidacloprid applications on soil collembolans in hemlock stands.
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Figure 2: A total of four soil arthropod samples were extracted for each sampling period around
7 m. from the center of the plots located in Gauley River National Recreation Area (GARI) and
New River Gorge National River (NERI), and surrounding land in southern West Virginia. Nine
paired plots were sampled in spring 2017 and summer 2017. Nine different sites were sampled in
summer 2018 and spring 2019. A total of 18 paired sites were sampled.

48

Figure 3: The soil collembolan trophic functionality groups in this study include epedaphic
collembolans which live in the leaf litter and top surface of the soil. These collembolans have
well-developed legs, furcula, and antennae, as well as pigmentation and many eye units.
Hemiedaphic collembolans live in the lower layer of soil and have less developed furcula, legs,
and antennae. They also tend to have fewer eyes. Euedaphic collembolans live deep in the soil
and usually do not have pigmentation, eyes, or a furcula. They also generally have short legs and
antennae.
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Figure 4: Flowchart used to classify soil collembolans into functional groups based on their
morphological characteristics. Based on Faber (1991) and Potapov et al. (2016). Atmobiotic
collembolans were not present for this study.
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Figure 5: Epedaphic collembolan abundance in relation to treated tree diameter at breast height
(DBH; top) and treatment history (Control/Treatment; bottom), while accounting for soil pH. For
the DBH graph, lines represent expected abundance based on standardized pH values. For the
treatment category graph, abundance data were plotted by standardized pH value, and a line of
best fit was computed for the control and treatment plots. The model selection supported an
interaction effect with pH for both variables (Table 2).
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Figure 6: Hemiedaphic collembolan abundance in relation to treatment history
(Control/Treatment), while accounting for soil pH. Abundance data were plotted by standardized
pH value, and a line of best fit was computed for the control and treatment plots. The model
selection supported an interaction effect with pH (Table 2).
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Table 1: The 18 treated plots in this study were located in the Gauley River National Recreation
Area (GARI) and New River Gorge National River (NERI), and surrounding land in southern
West Virginia. The treated plots had varying treatment-related backgrounds. The years since last
application (years post application) in treated plots ranged from 1-8 years. Burnwood 2 and
Summersville Dam 2 were not treated within the plots, but trees surrounding the plot were
treated. Some sites have a range for years since last treatment because they were sampled in
2018 and 2019. Years post application and DBH are not relevant for Summersville Dam 2 and
Burnwood 2 because the plots were not treated, but the surrounding area was. Imidacloprid
concentration refers to concentration in the soil.

Site

Years post
application

DBH

Poll’s Branch 1
Poll’s Branch 2
Fern Creek 1
Fern Creek 2
Burnwood 1
Kaymoor 1
Richmond Chapel
Summersville Dam 1
Wood’s Ferry
Summersville Dam 2
Carnifex Ferry
Elliott Cutoff
Burnwood 2
Bridge Buttress
Fern Buttress
Fern Creek 4
Nuttall
Kaymoor 2

1
1
5
6
6
5
3
3
3
N/A
2-3
4-5
N/A
5-6
2-3
7-8
5-6
2-3

23.6
26.6
35.3
34.5
23.0
32.0
31.5
46.7
27.6
0.0
22.1
34.5
0.0
19.2
34.1
45.7
42.1
33.7
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Imidacloprid
concentration
(ng/g dry soil)
0
216.53
28.52
24.58
0
0.87
2.04
4.36
0.53
0.64
6.48
20.88
0
6.55
0
0
0
0

Table 2: Generalized linear mixed models (GLMMs) with a negative binomial distribution were used to determine the effects of
imidacloprid on collembolans at the study site located in the Gauley River National Recreation Area (GARI) and New River Gorge
National River (NERI), and surrounding land in southern West Virginia. Akaike’s Information Criterion corrected for small sample
size (AICc) was used for model selection. Overall collembolan diversity, abundance, and morphospecies richness were the response
variables for the first group of models. Abundance and richness were also tested for each trophic level (epedaphic, hemiedaphic, and
euedaphic). The treatment-related variables mean were diameter at breast height (cm) of treated trees within plots (DBH) and whether
the plots had a history of being treated or not (Treatment). Soil pH (pH) and composition (Soil) were explanatory environmental
variables. The null model (~1) was used to determine which models were possibly supported.
Collembolan Community
Metrics
Null

Diversity

Abundance

AICc

∆AICc

AICc Wt.

206.26

0.000

0.423

Richness

Soil

AICc
811.30

∆AICc
0.000

AICc Wt.
0.249

AICc

∆AICc

AICc Wt.

pH

517.65

0.000

0.989

0.263

0.152

pH

208.32

2.064

0.151

pH

812.29

Null

518.30

0.648

0.190

DBH

208.50

2.242

0.138

Null

812.57

1.272

0.132

DBH x pH

519.47

1.819

0.106

Treatment

208.50

2.243

0.138

DBH + Soil

813.62

2.321

0.078

Treatment x pH

519.91

2.259

0.085

DBH + pH

210.64

4.375

0.048

Treatment + Soil

813.72

2.418

0.074

DBH + pH

519.95

2.305

0.083

Treatment + pH

210.64

4.375

0.047

Treatment x pH

813.73

2.435

0.074

Treatment + pH

520.28

2.630

0.071

DBH x pH

212.75

6.490

0.017

DBH x pH

814.38

3.080

0.053

Treatment

520.36

2.711

0.068

Treat x pH

212.93

6.667

0.015

DBH + pH

814.44

3.142

0.052

DBH

520.52

2.873

0.063

Soil

213.00

6.737

0.015

Treatment + pH

814.59

3.288

0.048

Soil

521.17

3.526

0.045

DBH + Soil

215.45

9.186

0.004

DBH

814.75

3.457

0.044

Treatment + Soil

523.50

5.854

0.014

Treatment + Soil

215.46

9.195

0.004

Treatment

814.77

3.469

0.044

DBH + Soil

523.63

5.983

0.013
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Table 2 continued
Trophic Group
Abundance

Epedaphic

Hemiedaphic

Euedaphic
AICc

∆AICc

AICc
Wt.

Soil

716.87

0.000

0.270

Null

717.93

1.067

0.158

0.103

pH

718.08

1.215

0.147

2.292

0.098

DBH + Soil

719.02

2.157

0.092

2.777

0.077

Treatment + Soil

719.26

2.395

0.082

625.45

2.807

0.076

Treatment

720.05

3.183

0.055

pH

626.02

3.376

0.057

DBH

720.09

3.226

0.054

Treatment + pH

627.06

4.417

0.034

DBH + pH

720.22

3.352

0.051

0.053

Treatment

627.09

4.450

0.033

Treatment + pH

720.39

3.519

0.047

2.469

0.049

DBH

627.11

4.467

0.033

Treatment x pH

721.82

4.951

0.023

2.715

0.044

DBH + pH

627.47

4.832

0.028

DBH x pH

721.91

5.041

0.022

AICc

∆AICc

AICc Wt.

AICc

∆AICc

AICc Wt.

Treatment x pH

483.19

0.000

0.170

DBH x pH

483.51

0.318

0.145

Soil

622.64

0.000

0.309

Treatment x pH

624.05

1.412

0.152

pH

483.73

0.541

0.130

DBH + Soil

624.84

2.198

Soil

484.15

Null

484.21

0.959

0.105

Treatment + Soil

624.93

1.021

0.102

Null

625.42

Treatment

484.87

1.684

0.073

DBH x pH

Treatment + pH

485.12

1.925

0.065

Treatment + Soil

485.16

1.968

0.064

DBH + pH

485.51

2.319

DBH

485.66

DBH + Soil

485.91

Epedaphic
Trophic Group Richness

Hemiedaphic

AICc

∆AICc

AICc Wt.

Null

348.74

0.000

0.295

DBH

349.04

0.292

0.255

Treatment

350.61

1.867

0.116

pH

350.92

2.172

0.100

DBH + pH

351.26

2.519

0.084

DBH * pH

351.99

3.247

0.058

Treatment + pH

352.82

4.080

0.038

Soil

354.23

5.488

0.019

Treatment * pH

354.71

5.970

0.015

DBH + Soil

354.92

6.172

0.013

Treatment + Soil

356.35

7.607

0.007

Euedaphic

AICc

∆AICc

AICc Wt.

DBH

378.63

0.000

0.186

Null

378.67

0.046

0.182

DBH + pH

379.12

0.498

0.145

pH

379.16

0.529

0.143

Treatment

379.84

1.216

0.101

Treatment + pH

380.11

1.480

0.089

DBH * pH

380.45

1.822

0.075

Treatment * pH

380.85

2.222

0.061

Soil

385.22

6.593

0.007

DBH + Soil

385.49

6.861

0.006

Treatment + Soil

386.67

8.038

0.003
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AICc

∆AICc

DBH

406.11

0.000

AICc
Wt.
0.316

Treatment

406.65

0.540

0.241

Null

407.79

1.677

0.137

DBH + pH

408.39

2.276

0.101

Treatment + pH

408.96

2.849

0.076

pH

410.01

3.895

0.045

DBH * pH

410.33

4.221

0.038

Treatment * pH

411.33

5.216

0.023

DBH + Soil

412.94

6.830

0.010

Treatment + Soil

413.55

7.439

0.008

Soil

414.63

8.523

0.004

Table 3: Generalized linear mixed models (GLMM) with a negative binomial distribution were
used to determine the effects of imidacloprid on collembolan communities in hemlock stands
located in the Gauley River National Recreation Area (GARI) and New River Gorge National
River (NERI), and surrounding land in southern West Virginia. Community metric (abundance,
diversity, and richness) models with a lower AICc score than the null model (~1) and with a
treatment-related variable were used to determine the impacts of imidacloprid applications on the
collembolan community, along with models with non-treatment-related environmental variables
when they can be compared alongside the treatment-related variables. The 85% confidence
intervals (CIs), coefficient (β) estimates, and Pseudo R2 for GLMMs values were used to
determine the model support. Treatment-related variables included plots with a treatment history
vs. control plots (Treatment)and average diameter at breast height of trees treated within the
plots (DBH). DBH was used because the amount of imidacloprid applied for hemlock woolly
adelgid control is dependent on the DBH of the tree being treated.
Model
Epedaphic Abundance
Treatment x pH

DBH x pH

Variable

β (estimate)

Lower CI
(7.5%)

Upper CI
(92.5%)

Intercept
Treatment

2.164
-0.232

1.87
-0.56

2.46
0.10

pH

0.385

0.15

0.63

Treatment:pH

-0.513

-0.86

-0.16

Intercept

2.07

1.81

2.31

DBH

-0.06

-0.23

0.11

pH

0.15

-0.05

0.36

DBH:pH

-0.29

-0.49

-0.09

Intercept

2.89

2.56

3.22

Treatment

0.32

-0.08

0.72

pH

0.53

0.23

0.84

Treatment:pH

-0.68

-1.10

-0.27

Intercept

1.617

1.46

1.76

DBH

0.116

0.01

0.23

Intercept

1.729

1.55

1.90

Treatment

0.260

0.06

0.46

Intercept

1.861

1.72

2.00

DBH

0.143

0.04

0.25

GLMM-R2

0.085

0.106

Hemiedaphic Abundance
Treatment x pH

0.119

Hemiedaphic Richness
DBH

0.028

Euedaphic Richness
Treatment

DBH
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0.039

0.047

Table 4: The collembolan morphospecies most correlated with imidacloprid applications in
hemlock stands located in the Gauley River National Recreation Area (GARI) and New River
Gorge National River (NERI), and surrounding land in southern West Virginia were determined.
Species scores were extracted from a redundancy analysis (RDA) with treatment history as the
explanatory variable Collembolan morphospecies were considered correlated with the treatmentrelated variables if their species scores were ≥ 0.070 or ≤ -0.070. Negative species scores
indicate a negative correlation and positive species scores indicate a positive correlation. The
abundance of each morphospecies in sites with a history of imidacloprid applications (treat) and
with no history of treatments (control) were included. Family was also listed, except for the order
Symphypleona which was not identified past order.
Family/Order

Species
score

Abundance
(control/treat)

Hypogastrurid 6

Hypogastruridae

0.094

1/12

Hypogastrurid 2

Hypogastruridae

0.092

1/12

Symphypleona 15

Symphypleona

-0.096

6/0

Symphypleona 18

Symphypleona

-0.086

18/1

Symphypleona 9

Symphypleona

-0.081

8/1

Morphospecies
Treatment History
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Table 5: There were 11 collembolan families (including the order Symphypleona) collected from
the paired sites located in the Gauley River National Recreation Area (GARI) and New River
Gorge National River (NERI), and surrounding land in southern West Virginia. These samples
were collected between spring 2017 – spring 2019. Sampled in the treated plots had a variable
treatment history to control hemlock woolly adelgid using the insecticide, imidacloprid.
Collembolans in Isotomidae were most abundant, followed by Onychiuridae and Entomobryidae.
The total count, mean, and standard error (SE) were calculated for the families in control and
treated plots.

Family
Isotomidae
Symphypleona
Neelidae
Hypogastruridae
Onychiuridae
Odontellidae
Tullbergiidae
Tomoceridae
Entomobryidae
Neanuridae
Oncopoduridae

Treated Plots
Count
Mean
2320
64.4
85
2.4
89
2.5
102
2.8
491
13.6
24
0.7
207
5.8
110
3.1
380
10.6
99
2.8
35
1.0

Control Plots
Count
Mean
2374
65.9
124
3.4
96
2.7
59
1.6
316
8.8
16
0.4
332
9.2
178
4.9
358
9.9
146
4.1
28
0.8

SE
26.5
1.0
0.9
1.2
4.8
0.3
2.2
1.1
2.2
0.8
0.5
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SE
18.9
1.2
0.8
0.5
2.00
0.1
4.4
0.9
2.5
1.8
0.4

Chapter 3: Long-term effects of imidacloprid on the diversity and
richness of soil fungi and bacteria in hemlock stands
Abstract
Imidacloprid, a neonicotinoid insecticide, has been used for over a decade to protect
eastern hemlock trees from the spread of an invasive insect, hemlock woolly adelgid, throughout
forests in the eastern United States. This study examined the long-term effects of imidacloprid on
soil fungi and bacteria in the New River Gorge National River (NERI) and Gauley River
National Recreation Area (GARI). Soil samples were collected from 9 sites divided into paired
plots with one plot that had been treated with imidacloprid at different times over the past decade
and the other plot being untreated. Imidacloprid concentration was measured at each site and
imidacloprid was detected in 4 of the 9 treated plots, ranging from 0.64-20.8 ng/g. The bacterial
and fungal community DNA was sequenced from the soil samples, then processed in program
QIIME. The data was analyzed using Akaike’s information criterion corrected for small sample
size (AICc) and species scores extracted from RDAs. Fungal sequences were classified into
428,976 amplicon sequence variants (ASVs) that were classified into 603 groups. Bacterial
sequences were classified into 457,330 bacterial ASVs that were classified into 1,117 groups.
Bacterial diversity and richness were negatively correlated with low pH which accounted for
most of the environmental factor explanatory power. Diversity and richness of fungi were not
affected by treatment history, or mean diameter at breast height (DBH in cm) of treated trees
within plots. The bacterial and fungal groups with the strongest correlation between presence and
absence of past treatments in or near plots were noted. Overall, imidacloprid applications did not
have strong long-term effects on soil bacteria and fungi, but individual taxa may be affected.
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Introduction
Soil bacteria and fungi are critical for key ecosystem functions (van der Heijden et al.
2008), drive important systems such as nutrient cycling (Tiedje 1988, Kowalchuk and Stephen
2001) and soil formation (Rillig and Mummey 2006, Hobara 2013), and are crucial for
decomposition of soil organic matter (van Veen and Kuikman 1990). These microbes can be
impacted by environmental contaminants. For example, Wang et al (2008) tested the effects of
an organophosphate insecticide, methamidophos, on the microbial community and found that it
reduced total microbial biomass carbon and decreased overall genetic diversity. At the same
time, it improved catabolic activity and increased the biomass of gram-negative bacteria. When
Martıń ez-Toledo et al. (1998) tested the effects of a fungicide, Captan, on the microbial
community, total culturable fungi, nitrifying bacteria, and nitrogenase activity decreased while
denitrifying activity and total culturable bacteria increased. The effects of pesticides are complex
and variable, can be long-lasting or transient, and can increase or decrease microbial populations
(Johnsen et al. 2001, Seymour et al. 2005).
Hemlock woolly adelgid (HWA), Adelges tsugae (Hemiptera: Adelgidae), is an invasive
insect species from Japan causing the decline of eastern hemlock trees throughout the eastern
United States (McClure 2001). Currently, the most effective control for HWA is imidacloprid, a
neonicotinoid insecticide. Neonicotinoid pesticides target the insect’s nervous system by binding
to the nicotineric receptors which eventually result in the insect’s death (Liu and Casida 1993).
Imidacloprid is applied as a soil injection, soil drench, or trunk injection which is systemically
translocated throughout the tree after application (Elbert et al. 1991), Imidacloprid prevents and
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represses HWA populations (Steward and Horner 1994, Silcox 2002), but there have been
concerns about the non-target effects of this insecticide.
Previous studies examined the effects of imidacloprid on microbial communities from
agricultural and field soils (Cycoń et al. 2013, Cycoń and Piotrowska-Seget 2015a, Cycoń and
Piotrowska-Seget 2015b, Zhang et al. 2015, Mahapatra et al. 2017, Li et al. 2018), but have only
considered the short-term effects (< a year post application) of applications in production
agriculture. Imidacloprid has a highly variable half-life of 19–1230 days depending on soil
conditions. Imidacloprid’s half-life increases in soils with higher pH (Sarkar et al. 1999, Sarkar
et al. 2001) and lower organic matter content (Broznić and Milin 2013). Imidacloprid can control
HWA for 6 years after being used to treat trees (Silcox et al. 2002, Benton et al. 2016b).
However, the long-term effects (≥ a year post application) of imidacloprid on soil microbial
communities have not been reported. In addition, the previous studies were focused on field crop
applications of imidacloprid which are usually sprayed evenly on a field. When applying
imidacloprid to control HWA in forests, the soil is injected and taken up systemically through the
tree’s roots or directly injected into the tree trunk. These differing application methods, as well
as the short length of the studies leave a knowledge gap.
Some previous studies found that, when applied at the recommended field rate (i.e., 1–2.5
g/kg of soil), imidacloprid negatively impacted the soil microbial community, but the effects
were transient and the communities recovered (Cycoń et al 2013, Mahapatra 2017, Li et al.
2018). A 56-day study by Cycoń and Piotrowska-Seget (2015a) found significant negative
impacts from imidacloprid applied at the field rate (1 g/kg soil) and 10 times the field rate (i.e.,
10 g/kg soil) on soil respiration, enzyme activities, nitrogen transformation, and overall number
of bacteria. When imidacloprid was applied at 10 times the field rate there were significant
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negative impacts on the fungal and bacterial community structure, but similar results were not
observed at the field rate (Cycoń et al 2013). Another study by Cycoń and Piotrowska-Seget
(2015b) found that ammonia-oxidizing bacteria increased in diversity and richness after
imidacloprid application while ammonia-oxidizing archaea were suppressed and nitrification
rates in the soil were negatively affected. The study hypothesized that this change in community
was likely caused by an increase in the concentration of N-NH4+ which is favorable for
ammonia-oxidizing bacteria and unfavorable for ammonia-oxidizing archaea. These studies
suggest that imidacloprid does impact the microbial communities, but only examines the shortterm effects.
In the New River Gorge National River (NERI), and Gauley River National Recreation
Area (GARI) in southern West Virginia over 10,000 hemlock trees have been treated with
imidacloprid through soil or trunk injections since 2006 (Strickler 2012). After over a decade of
use, this study examined the long-term effects of imidacloprid on hemlock stands with varying
treatment histories. A recent study by Crayton et al. (2020) that used the same study area
discovered bioaccumulation of imidacloprid in benthic macroinvertebrates and aquatic
salamanders that were in streams adjacent to imidacloprid applications. The objectives of this
study were to (1) determine the long-term effects of imidacloprid applications in hemlock stands
on the soil bacterial and fungal communities and (2) identify specific soil bacterial and fungal
taxa that are influenced by imidacloprid applications. This study is the first to examine the
effects of imidacloprid on bacterial and fungal communities in a forest ecosystem, as well as the
first to consider the effects past the first year of application.
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Materials and Methods
Study sites and treatment history
The study sites were located on National Park Service land within the New River Gorge
National River (NERI), and Gauley River National Recreation Area (GARI) in southern West
Virginia (Figure 1). The study areas were being used for several related studies on long-term
effects of imidacloprid on different organisms (i.e., salamanders, mites, collembolans, benthic
macroinvertebrates). Each of the 9 sites was within a hemlock stand and consisted of one plot
that was treated with imidacloprid and one untreated control plot (i.e., a total of 18 plots). Each
plot was 20 m × 20 m to accommodate an adjacent study on the long-term effects of
imidacloprid on salamanders. The plots were divided into equal quadrants. The treated plots had
been treated with imidacloprid applications within the study sites starting in 2006 (Table 1). Sites
were treated 2-9 years before the soil samples were collected.

Soil pH and Moisture Measurements, and Imidacloprid Extraction
Mineral soil pH was measured at the center of each plot’s quadrant using an EcoSense
pH100A meter (YSI, Yellow Springs, Ohio). Soil moisture (i.e., mineral soil volumetric water
content) was measured using a FieldScout TDR100 Soil Moisture Meter (Spectrum
Technologies, Aurora, Illinois). Soil moisture and pH were measured in spring and summer of
2018 and the average of the quadrants was used as a representation of the respective plots. The
soil texture (loam, sandy loam, gravelly loam, and silt loam) for each plot was determined using
Soil Survey Geographic database (SSURGO) (USDA 2020).
To measure the concentration of imidacloprid in the soil, soil samples were
systematically taken from each plot with a 1.9-cm-diameter soil probe to a depth of 25 cm. The
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site quadrants were broken into sub-quadrants and a sample was taken from the center of each,
for a total of 16 samples per plot which were mixed and combined into one sample. Soil samples
were freeze-dried, homogenized, and ~5 g dry weight of soil per sample was extracted and
combined with 500 mg of carbon and 900 mg of magnesium sulfate. Samples were spiked with
the surrogate compound d4-imidacloprid (Cambridge Isotope, Andover, MA) and then extracted
using acetonitrile solvent at 100 °C. The acetonitrile extracts were reduced under nitrogen gas
and centrifuged to removed particulates. The final extract was 0.2 mL in 50:50 acetonitrile:water
which was spiked with an internal standard (d3-clothianidin; Cambridge Isotope).
Samples were analyzed using liquid chromatography tandem mass spectrometry (LCMS/MS). Flow rate was 0.6 ml min-1 and the mobile phase solvents were 0.1% formic acid in
water (A) and acetonitrile (B). The column gradient was 2:98 (A:B) from 0–2 min; 2–4 min
increase to 50:50 (A:B), hold for 3 min; 7–7.5 min decrease to 2:98 (A:B), hold for 4.5 min.
MS/MS conditions were electrospray (ESI) ionization, positive mode, drying gas temperature at
350°C, drying gas flow at 10 L/min, capillary voltage at 4,000 V, and nebulizer at 40 psi. Data
were collected in the multiple-reaction-monitoring (MRM) mode. The method detection level
was 0.2 ng/g for all compounds. Further details of the LC-MS/MS analytical method can be
found elsewhere (Hladik and Calhoun, 2012). Recovery of the surrogate (d4-imidacloprid) was
lower (30–70%) than other soil studies (>70%), likely due to the organic content of the samples;
data were surrogate recovery corrected.

Soil sampling for microbial community analysis
To determine community richness and diversity of soil fungi and bacteria, soil samples
were taken in September 2018, a period in which ample soil moisture supported high microbial

64

activity (Barros et al. 1995, National Center for Environmental Information 2020). The samples
were taken to a depth of 10 cm (A horizon) with a 1.9-cm-diameter soil corer. Soil samples were
collected about 7 m from the center of the plots. Two samples were collected within each
quadrant for a total of eight samples per plot. The eight samples were then combined, sieved on
site through a 1-mm sieve and put on ice, yielding one homogenized sample per plot. Within the
same day the samples were put into a -80°C freezer upon return to the laboratory.

DNA extraction, amplification, and sequencing for microbial community analysis
A 250-mg aliquot of soil for each sample was used for DNA isolation using the DNeasy
PowerSoil kit (Qiagen, Germantown, MD) by following the manufacturer’s instructions.
Quantitative PCR was then used to quantify the bacterial and archaeal 16S rRNA and fungal
internal transcribed spacer (ITS) region of the gene copies in each sample and to standardize the
gene copies per sample prior to sequencing. All DNA quantification was performed on a
QuantStudio 5 RT-PCR instrument (ThermoFisher, Waltham, MA). To characterize the bacterial
and fungal community, the bacterial and archaeal 16S rRNA gene was targeted with the primer
set 515f-806r (Caporaso et al. 2010), and the fungal internal transcribed spacer region was
targeted with primers ITS1f and ITS2 (Gardes and Bruns 1993). PCR amplifications were
performed with two PCR reactions. PCR reactions contained 3 μl of normalized sample from the
qPCR reaction, 0.48 μl of nuclease-free water, 1.2 μl of 5 times concentrated KAPA HiFi buffer
(KAPA Biosystems, Woburn, MA), 0.18 μl of 10 mM dNTPs (KAPA Biosystems, Woburn,
MA), 0.3 μl of DMSO (Fisher Scientific, Waltham, MA), 0.12 μl of ROX (25 μM) (Life
Technologies, Carlsbad, CA), 0.003 μl of 1,000 times SYBR Green, 0.12 μl of KAPA HiFidelity
Hot Start polymerase (KAPA Biosystems, Woburn, MA), and 0.3 μl of forward and reverse
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primers. Cycling condition for fungal and bacterial samples was 95°C for 5 min, then 25 cycles
of 20 sec at 98°C, 15 sec at 55°C, and 1 min at 72°C. Finally, samples spent 5 min at 72°C and
were held at 4°C. An Illumina Miseq 600 cycle v3 sequencing kit (Illumina, San Diego, CA,
USA) was used to sequence the samples at the University of Minnesota Genomics Center.

Taxonomic assignments of ASVs
Quantitative Insights Into Microbial Ecology 2 (QIIME2) (version 2019.7; Bolyen et al.
2019) was used for quality control (i.e. removing unnecessary and low-quality base pairs) and
some analysis. Prior to analysis, the primer sequences were removed using cutadapt (Version
2.7, Martin 2011), and the forward and reverse reads were joined using the tool VSEARCH
(version 2.14.1, Rognes 2016). Reads with a Phred (Ewing and Green 1998) quality of <20 were
removed (base call accuracy of at least 99%). Deblur was used for quality control and to denoise
the sequences by trimming off the low-quality bases (Amir et al. 2017). To correct for sampling
depth differences, ITS1 (fungal DNA) samples were rarefied to 23,832 sequence reads and 16S
(bacterial DNA) samples were rarefied to 101,222 sequence reads for downstream analyses. The
Silva classifier (version r132; Quast et al. 2013) was a reference for the taxonomic analysis of
bacterial sequences and UNITE (version 8.0, Nilsson et al. 2018) was used as the classifier for
fungal (ITS) sequences. Archaeal sequences were excluded from the analysis.

Statistical analyses
The R Statistical program 3.6.2 (R Development Core Team, 2020) was primarily used to
conduct statistical tests. Shannon’s diversity index, generated in QIIME2 using code pmetric:Shannon, and observed ASVs (richness) were used as response variables along with ASV
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count data to the taxonomic level of genus. Treatment-related explanatory variables included
presence or absence of a history of imidacloprid treatments (treatment history) and mean
diameter at breast height (DBH) of treated trees within the plots (DBH) (Table 1). We included
DBH as a candidate predictor because it is positively correlated with amount of imidacloprid
applied to the plot. Concentration of imidacloprid detected in the soil was not used as a predictor
candidate due to low recovery rates and presence of high leverage observations. Soil pH
(converted to H+ concentration for analyses), soil moisture, and soil texture were non-treatmentrelated explanatory environmental variables used to determine the influences of the environment
and possible additive effects of non-focal variables on treatment-related variables. Interactions
between soil pH and treatment-related variables were included in candidate models.
To determine the effects of imidacloprid on the bacterial and fungal communities, linear
mixed models (LMMs) (Venables and Ripley 2002) were used. These models were created using
package lme4 (Bates et al. 2015) with function lmer. Akaike’s information criterion corrected for
small sample sizes (AICc) was used to select the most supported models and was calculated
using AICcmodavg (Mazerolle 2019). Continuous explanatory variables were standardized prior
to analysis (mean = 0, SD = 1). This was performed using the decostand function in the vegan
package in R (Oksanen et al. 2019). Models that had a lower AICc score than the null model (~1)
were further analyzed by considering the beta coefficient estimates, 85% confidence intervals
(Arnold 2010), and the pseudo R2 for GLMMs marginal values (Nakagawa and Schielzeth 2013,
Johnson 2014, Nakagawa et al. 2017). These were used to determine if the model was supported
and how influential the fixed variables were on the response variables.
Redundancy analyses (RDAs) were used to determine which groups were most correlated
within fungal and bacterial groups (genera or lowest available taxa) using the vegan package in
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R. The response variables were Hellinger transformed to put less weight on rare species and
response variables occurring in less than 10% of sites (< 2 sites) were removed (McCune and
Grace 2002). The RDA was performed using a covariance matrix. RDAs were made with the
fungal and bacterial ASV groups as the response variables and treatment as the explanatory
variable. To determine the support of the RDAs a global permutation test was performed, and the
adjusted R2 value was retrieved from each ordination. The species scores were extracted from
each of the four RDAs and used to determine groups most influenced by the treatment-related
explanatory variable, treatment history. ASVs with a species score of ≥ 0.095 or ≤ -0.095 were
identified as being correlated with treatment history.

Results
Imidacloprid concentration and soil variables
Imidacloprid was detected in 4 of the 9 plots with imidacloprid treatments. No
imidacloprid was detected in the 9 control plots. The concentrations ranged from 20.88 to 0.64
ng/g dry soil and the average was 8.64 ng/g dry soil (Table 1). The soil moisture (cm3 H2O / cm3
soil) had a range of 7.2-26.9 cm3 H2O / cm3 soil for control plots (14.8 ± 1.2 SD) and 7.2 – 26.9
for treated plots (14.6 ± 2.0 SD). Soil pH ranged 3.72 – 4.98 (4.19 ± 0.14 SD) for control plots
and 3.76 – 5.00 (4.17 ± 0.14) for treated plots. Because of the heterogeneity of soil pH, the
range of each 20 m2 plot is shown in Table 2.

Community composition
There were 1,270,417 and 1,424,324 high-quality ITS1 and high-quality 16S sequences,
respectively. The sequences were classified into 428,976 fungal ASVs that were classified into

68

603 groups and 457,330 bacterial ASVs that were classified into 1117 groups. The bacterial
communities were dominated by the phyla Proteobacteria (32.7%), Acidobacteria (25.5%), and
Actinobacteria (12.5%). The most common genera were Acidothermus (5.6%) and an
unidentified Acidobacteria (4.2%). None of the bacterial phyla or classes were significantly
different between control and treated plots. The fungal community was mostly comprised of the
phyla Ascomycota (46.3%) and Basidiomycota (41.8%) followed by the phylum
Mortierellomycota (5.7%). The most common genera were Archaeorhizomyces (14.0%) and
Russula (12.2%).

Community response to imidacloprid applications
For bacterial diversity and richness, pH, treatment + pH, DBH + pH, and treatment x pH
models were more supported than the null models, with treatment + pH being the most supported
treatment-related model in both model selections (Table 3). For treatment + pH, bacterial
diversity and richness were positively associated with treated plots. For DBH + pH, bacterial
diversity and richness were negatively and positively associated with DBH, respectively. The
treatment × pH model estimated that bacterial diversity and richness were more strongly
associated with treated sites at high pH. Bacterial treatment variable CIs overlapped 0 for all
models except diversity DBH (Table 4), suggesting that pH was responsible for most of the
explanatory power. For the fungal community, the null model was the most supported model for
both diversity and richness (Table 3).

69

ASV response
RDAs were not significant for bacterial ASVs (treatment [ p-value = 0.988, adj. R2 = 0.022]) or fungal ASVs (treatment [ p-value = 0.659, adj. R2 = -0.005]). Based on the extracted
species scores there were two bacterial ASV groups positively correlated with treatment and
three that were negatively correlated. There were seven fungal ASV groups positively correlated
with treatment and six that were negatively correlated (Table 5).

Discussion
Bacterial and fungal communities in this study did not have an observed response to
imidacloprid applications. Based on Shannon’s diversity index and observed ASVs representing
richness there were no significant differences when considering DBH of treated trees, or whether
there was a history of treatments on or near the plots. Previous studies that explored the effects of
imidacloprid applied at the field recommended rate found that the fungal and bacterial
communities were initially affected but recovered within a few months (Cycoń et al. 2013,
Mahapatra et al. 2017). Another study that measured bacterial and fungal communities in wheat
fields throughout a growing season found that the communities were affected after the initial
application but fully recovered by the end of the growing season (Li et al. 2018). This study was
different, as it was in a forest setting and application of imidacloprid requires concentrated
injections into the soil or tree rather than an even spray application or seed treatments used in
agricultural settings. Our study also focused on long-term effects (≥1 year since application) of
imidacloprid applications rather than within a few days, months, or through a growing season.
Previous studies concluded that fungal and bacterial communities were affected initially but
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generally recovered over time, while our study showed that the soil bacterial and fungal
communities were not affected by applications over a long period (2-8 years after applications).
Crayton et al. (2020) used the same study area and reported bioaccumulation of imidacloprid in
aquatic salamanders and benthic macroinvertebrates, as well as a decrease in salamander body
condition and an increase in salamander corticosterone levels in relation to imidacloprid
concentrations. Though this study’s findings indicate that imidacloprid did not strongly impact
the overall fungal and bacterial communities, Crayton et al. (2020) indicates that imidacloprid
does have long-term non-target effects when considering other aspects of the forest community.
Bacterial and fungal diversity and richness were not strongly influenced by treatmentrelated variables. Notably, the bacterial community’s richness and Shannon’s diversity index
decreased with lower pH. Bacterial sensitivity to pH has been known to be the most influential
environmental factor to bacteria. Fungi are not as sensitive and tend to be more tolerant of low
pH, which is consistent with this study (Fierer and Jackson 2006, Rousk et al. 2010). Soil pH is
also known to be heterogeneous and varies by as much as one unit within 1 m2 of sampling
(Jackson and Caldwell 1993) making it difficult to accurately account for the variation. A range
of the soil pH collected throughout 2018 is available (Table 2) to have a better understanding of
the possible range within the 20-m2 plots.
Acidibacillus was the bacterial genus most positively correlated treatment sites. This
genus is an iron-oxidizing obligate heterotroph (Holand et al. 2015, Holand et al. 2016). An
uncultured Fibrobacteraceae was most negatively correlated with treatment sites. This family is
known for being found in the guts of mammals and termites (Hongoh et al. 2006, Ozbayram et
al. 2018).
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Laccaria was the fungal genus most positively correlated with treated sites and has been
associated with hemlock stands (Baird et al. 2014). Laccaria species are ectomycorrhizal fungi
(Martin and Selosse 2008). Hirsutella was the fungal genus most negatively correlated with
treated sites. It is a genus of insect, mite, and nematode pathogenic fungi (Bałazy et al. 2008).
In conclusion, based on the bacterial and fungal community trends, imidacloprid
applications to hemlock stands did not have strong long-term effects. Individual taxa may be
affected by treatments based on the 4/9 (bacteria/fungi) ASV groups positively influenced by
treatment and the 6/7 ASV groups negatively influenced. Larger sample sizes and sampling
throughout the year should be considered for future studies to build upon current knowledge.
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Figures and Tables

Figure 1: A total of 9 study sites, consisting of paired treated and control plots, were located in
the Gauley River National Recreation Area (GARI) and New River Gorge National River
(NERI). The sites were used to determine the long-term effects of imidacloprid applications on
soil bacteria and fungi in hemlock stands.
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Table 1: The 9 treated plots sampled located in the Gauley River National Recreation Area
(GARI) and New River Gorge National River (NERI) in southern West Virginia had varying
imidacloprid treatment backgrounds. The years since last application (years post application) in
treated plots ranged from 2-8 years. Burnwood 2 and Summersville Dam 2 were not treated
within the plots, but trees surrounding the plot were treated. Plots have a range for years since
last treatment because they were sampled in 2018 and 2019. Imidacloprid concentration refers to
soil concentration.
Site

Years post
application

DBH

Summersville Dam 2
Carnifex Ferry
Elliott Cutoff
Burnwood 2
Bridge Buttress
Fern Buttress
Fern Creek 4
Nuttall
Kaymoor 2

N/A
2-3
4-5
N/A
5-6
2-3
7-8
5-6
2-3

0
243.1
103.6
0
96.0
102.4
319.5
168.3
67.3
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Imidacloprid
concentration
(ng/g dry soil)
0.64
6.48
20.88
0
6.55
0
0
0
0

Table 2: Samples taken at the Gauley River National Recreation Area (GARI) and New River
Gorge National River (NERI) in southern West Virginia were taken to determine the effects of
imidacloprid on soil bacteria and fungi. The pH of the soil within each 20 m2 plot was taken 12
times throughout 2018. Soil pH is known to be heterogeneous, so the range of the plots is given
to better understand the variation within each plot.
Site

Treatment

Soil pH Range

Summersville Dam 2

Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment

4.60 - 5.40
4.45 - 5.38
4.08 - 4.79
3.15 - 4.22
3.62 - 4.03
3.50 - 4.55
3.12 - 4.11
3.72 - 4.22
3.64 - 4.40
4.00 - 5.49
4.29 - 5.41
3.56 - 4.43
4.28 - 4.72
3.30 - 4.60
3.66 - 4.06
3.87 - 4.19
3.56 - 4.54
4.01 - 4.49

Carnifex Ferry
Elliott Cutoff
Burnwood 2
Bridge Buttress
Fern Buttress
Fern Creek 4
Nuttall
Kaymoor 2
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Table 3: Linear mixed models (LMMs) were used to determine the effects of imidacloprid on bacterial and fungal communities at the
study sites located in the Gauley River National Recreation Area (GARI) and New River Gorge National River (NERI), and
surrounding land in southern West Virginia. Akaike’s Information Criterion corrected for small sample size (AICc) was used for
model selection. Bacterial and fungal diversity and richness were the response variables. The treatment-related variables were mean
diameter at breast height of treated trees within plots (DBH), and whether the plots had a history of being treated on not (Treatment).
Soil pH, moisture, and composition (Soil) were explanatory environmental variables, and the interaction between pH and treatmentrelated variables was included as candidate models. The null model (~1) was used to determine which models were possibly
supported.

Diversity
AICc

∆AICc

AICc Wt.

pH
Treatment + pH
DBH + pH
Treatment * pH
Null
DBH * pH
Soil
Moisture
Treatment
DBH
Treatment + Moisture
Treatment + Soil

51.17
54.68
56.74
58.70
58.85
61.55
61.56
61.59
61.75
63.12
65.10
65.83

0.000
3.509
5.571
7.530
7.681
10.387
10.394
10.426
10.580
11.958
13.932
14.663

0.766
0.132
0.047
0.018
0.016
0.004
0.004
0.004
0.004
0.002
0.001
0.001

DBH + Moisture
DBH + Soil

66.50
66.99

15.330
15.822

0.000
0.000

Bacteria
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Richness
AICc
∆AICc

AICc Wt.

pH
Treatment + pH
DBH + pH
Treatment * pH
Null
DBH * pH
Moisture
Soil
Treatment
DBH
Treatment + Soil
Treatment + Moisture

50.48
54.12
56.00
58.14
58.77
60.58
60.76
61.52
61.76
63.14
65.13
65.18

0.000
3.648
5.526
7.665
8.290
10.102
10.282
11.042
11.288
12.667
14.655
14.703

0.778
0.126
0.049
0.017
0.012
0.005
0.005
0.003
0.003
0.001
0.001
0.000

DBH + Soil
DBH + Moisture

66.41
66.46

15.937
15.987

0.000
0.000

Table 3 Continued

Diversity

Fungi
Null
Soil
Treatment
pH
Moisture
DBH
Treatment + Moisture
Treatment + pH
DBH + Moisture
DBH + pH
Treatment x pH
Treatment + Soil
DBH + Soil
DBH x pH

Richness

AICc

∆AICc

AICc Wt.

58.85
60.54
61.53
61.57
62.82
63.06
63.82
64.67
65.07
66.31
66.67
66.67
68.23
71.01

0.000
1.695
2.680
2.725
3.975
4.210
4.967
5.822
6.218
7.458
7.817
7.823
9.386
12.163

0.406
0.174
0.106
0.104
0.056
0.049
0.034
0.022
0.018
0.010
0.008
0.008
0.004
0.001

Null
Treatment
pH
DBH
Moisture
Treatment + pH
Soil
DBH + pH
Treatment + Moisture
Treatment + Soil
DBH + Moisture
DBH + Soil
Treatment * pH
DBH * pH
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AICc

∆AICc

AICc Wt.

57.70
58.95
60.30
60.55
61.24
61.48
61.69
63.25
63.58
64.48
64.68
65.84
66.13
66.98

0.000
1.246
2.596
2.845
3.541
3.778
3.983
5.545
5.881
6.773
6.977
8.135
8.423
9.275

0.366
0.196
0.100
0.088
0.062
0.055
0.050
0.023
0.019
0.012
0.011
0.006
0.005
0.004

Table 4: Linear mixed models (LMM) were used to determine the effects of imidacloprid on
bacterial and fungal communities in hemlock stands located in the Gauley River National
Recreation Area (GARI) and New River Gorge National River (NERI), and surrounding land in
southern West Virginia. Community richness and Shannon’s diversity index (diversity) models
with a lower AICc score than the null model (~1) and with a treatment-related variable were used
to determine the impacts of imidacloprid applications on the bacterial and fungal communities,
along with models with non-treatment-related environmental variables when they can be
compared alongside the treatment-related variables. The 85% confidence intervals (CIs),
coefficient (β) estimates, and Pseudo R2 for GLMMs values were used to determine the model
support. Treatment-related variables included plots with a treatment history vs. control plots
(Treatment), and average diameter at breast height of trees treated within the plots (DBH). DBH
was used because the amount of imidacloprid applied for hemlock woolly adelgid control is
dependent on the DBH of the tree being treated.
β

Lower CI

Upper CI

Intercept

-1.765 e-15

-0.234

0.234

pH

-0.729

-0.996

-0.487

Intercept

-0.147

-0.469

0.177

Treatment
pH

0.293
-0.745

-0.165
-1.05

0.750
-0.506

Intercept

-1.765 e-15

-0.21633

0.216

DBH
pH

-0.0081
-0.726

-0.249
-0.967

-0.037
-0.492

Intercept

-0.162

-0.480

0.153

Treatment

0.292

-0.147

0.721

pH

-0.911

-1.301

-0.579

Treatment:pH

0.339

-0.140

0.785

Intercept

-5.478 e-16

-0.228

0.228

pH

-0.740

-0.975

-0.505

Intercept

-0.134

-0.450

0.183

Treatment

0.267

-0.182

0.716

pH

-0.753

-0.984

-0.522

Intercept

-5.48 e-16

-0.228

0.228

DBH

0.0518

-0.183

0.287

pH

-0.744

-0.978

-0.509

Intercept

-0.147

-0.456

0.161

Treatment

0.263

-0.172

0.695

pH

-0.900

-1.228

-0.600

Treatment:pH

0.334

-0.127

0.782

Models

R2

Bacterial Diversity
0.514

0.522

0.497

0.546

Bacterial Richness

Fungal Diversity
N/A
Fungal Richness
N/A
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0.533

0.536

0.519

0.551

Table 5: The bacterial and fungal taxa (genus or the lowest taxonomic level available) most
correlated with imidacloprid applications in hemlock stands located in the Gauley River National
Recreation Area (GARI) and New River Gorge National River (NERI), and surrounding land in
southern West Virginia were determined. Species scores were extracted from redundancy
analysis (RDA) with treatment history as the explanatory variable. Bacterial and fungal taxa
were considered correlated with the treatment-related variables if their species scores were ≥
0.095 or ≤ -0.095. Negative scores indicate a negative correlation and species scores indicate a
positive correlation. The overall abundance of the bacterial and fungal taxa was also included.

Taxonomy
Bacteria ~ Treatment

Phylum

Species score

Abundance

Acidibacillus
Unknown Parachlamydiaceae
Unknown Rhodanobacteraceae
Unknown Solirubrobacterales
Unknown Cytophagales
Unknown Obscuribacterales
Steroidobacter
Uncultured Elsterales
Uncultured Rhodospirillales
Uncultured Fibrobacteraceae

Firmicutes
Chlamydiae
Proteobacteria
Actinobacteria
Bacteroidetes
Cyanobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Fibrobacteres

0.105
0.104
0.099
0.095
-0.096
-0.097
-0.097
-0.097
-0.112
-0.119

15
30
112
7
13
7
12
29
7
15

Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Glomeromycota
Ascomycota
Ascomycota
Ascomycota

0.123
0.121
0.119
0.112
0.112
0.111
0.104
0.098
0.098
-0.097
-0.102
-0.102
-0.107
-0.107
-0.112
-0.112

21
134
25
2213
10
12
253
1667
11
29
16
14
8
75
20
43

Fungi ~ Treatment
Laccaria
Castanediella
Botrytis
Tylopilus
Epicoccum
Unidentified Thelephoraceae
Unknown Xylariales
Amanita
Simplicillium
Gorgoniceps
Rosellinia
Chaetomium
Unknown Glomeraceae
Scleropezicula
Unidentified Rutstroemiaceae
Hirsutella
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Chapter 4: Study Conclusions
This research aimed to determine the relationship between imidacloprid applications in
hemlock stands and non-target soil organisms that may be affected by the applications over longterm exposure. This information could help forest managers better understand the impact of
imidacloprid applications and adjust their practices based on their knowledge. The research
objectives were (1) to determine the long-term effects of imidacloprid applications in hemlock
stands on the soil collembolan community and (2) to determine the long-term effects of
imidacloprid applications in hemlock stands on the soil fungal and bacterial communities.
In Chapter 2, the collembolan community’s relationship to imidacloprid applications was
analyzed. Collembolan community metrics (abundance, Shannon’s diversity, and morphospecies
richness) did not have models that were supported with strong explanatory power.
Morphospecies richness for the collembolan trophic levels (i.e. euedaphic, hemiedaphic, and
epedaphic) were also considered. Euedaphic and hemiedaphic collembolan abundance was
influenced. Abundance was greater in treated plots when pH was lower and greater in control
plots when pH was higher for epedaphic and hemiedaphic communities, and epedaphic
abundance decreased as DBH of treated trees increased and pH was lower. Based on this study,
euedaphic and hemiedaphic collembolans may be influenced by the long-term effects of
imidacloprid applications when applied at the field recommended rate for HWA prevention in
hemlock stands within this study area.
In Chapter 3, I did not find an overarching pattern to bacterial and fungal community
trends and imidacloprid application. Bacterial and fungal community metrics (Shannon’s
diversity and richness of lowest available taxa) did not have models with strong explanatory
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power. The exception was low pH decreasing bacterial community richness and Shannon’s
diversity. Imidacloprid applications did not strongly affect bacterial and fungal communities in
hemlock stands within this study site over the long term (≥ a year post application). Though the
overall diversity of the communities were not strongly affected, individual taxa may be affected.
Euedaphic and hemiedaphic collembolan communities were affected by imidacloprid
treatments while the soil bacteria and fungi were not strongly affected, though collembolans and
bacterial were both influenced by soil pH. The soil organisms in this study are closely linked, as
collembolans are known for their influence on the microbial community through selective
feeding and spore dispersal. Further research on the long-term effects of imidacloprid are needed
to understand the long-term impacts of imidacloprid applications throughout the environment.
Future studies should consider more replications over a longer period when determining the
effects of collembolans, bacteria, and fungi to better understand the community trends. Future
studies should also consider other organisms within the food web that could be impacted by
imidacloprid applications.
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